Two experiments were conducted to evaluate the effects of dietary Zn and Fe supplementation on mineral excretion, body composition, and mineral status of nursery pigs. In Exp. 1 (n = 24; 6.5 kg; 16 to 20 d of age) and 2 (n = 24; 7.2 kg; 19 to 21 d of age), littermate crossbred barrows were weaned and allotted randomly by BW, within litter, to dietary treatments and housed individually in stainless steel pens. In Exp. 1, Phases 1 (d 0 to 7) and 2 (d 7 to 14) diets (as-fed basis) were: 1) NC (negative control, no added Zn source); 2) ZnO (NC + 2,000 mg/kg as Zn oxide); and 3) ZnM (NC + 2,000 mg/kg as Zn Met). In Exp. 2, diets for each phase (Phase 1 = d 0 to 7; Phase 2 = d 7 to 21; Phase 3 = d 21 to 35) were the basal diet supplemented with 0, 25, 50, 100, and 150 mg/kg Fe (as-fed basis) as ferrous sulfate. Orts, feces, and urine were collected daily in Exp. 1; whereas pigs had a 4- 
Introduction
Nutrient management plans focus primarily on P and N with little regard to other nutrients; yet, the accumu- 2762 BW = 8.7 kg) to determine whole-body, liver, and kidney mineral concentrations. There were no differences in growth performance in Exp. 1 or 2. In Exp. 1, pigs fed ZnO or ZnM diets had greater (P < 0.001) dietary Zn intake during the 14-d study and greater fecal Zn excretion during Phase 2 compared with pigs fed the NC diet. Pigs fed 2,000 mg/kg, regardless of Zn source, had greater (P < 0.010) PZn on d 7 and 14 than pigs fed the NC diet. Whole-body Zn, liver Fe and Zn, and kidney Cu concentrations were greater (P < 0.010), whereas kidney Fe and Zn concentrations were less (P < 0.010) in pigs fed pharmacological Zn diets than pigs fed the NC diet. In Exp. 2, dietary Fe supplementation tended to increase (linear, P = 0.075) dietary DMI, resulting in a linear increase (P < 0.050) in dietary Fe, Cu, Mg, Mn, P, and Zn intake. Subsequently, a linear increase (P < 0.010) in fecal Fe and Zn excretion was observed.
Increasing dietary Fe resulted in a linear increase in Hb, Hct, and PFe on d 21 (P < 0.050) and 35 (P < 0.010).
Results suggest that dietary Zn or Fe additions increase mineral status of nursery pigs. Once tissue mineral stores are loaded, dietary minerals in excess of the body's requirement are excreted.
lation of Zn in soil can hinder crop production (Takkar and Mann, 1978) . Swine manure volume and its nutrient content have been estimated based on standard values reported by ASAE (1988) ; however, current values representing today's genetics and management practices are needed by producers to accurately estimate the swine manure volume and its nutrient content. The addition of 2,000 to 3,000 mg of Zn/kg of diet as Zn oxide to nursery pig diets is a common practice in the swine industry because of the reported improvements in growth performance (Smith et al., 1997; Hill et al., 2000) . However, feeding pharmacological Zn to nursery pigs can result in a significant increase in the total quantity of Zn excreted during a pig's entire production cycle (Meyer et al., 2002) . This is a particular concern in today's swine industry, where intensive pro-duction units have increased the volume of manure produced in facilities that may have limited access to land for application.
The analyzed Fe concentration of most nursery diets is in excess of the NRC (1998) postweaning dietary Fe requirement, 80 mg/kg, which occurs because many feed ingredients have a high Fe concentration, including dicalcium phosphate, limestone, and blood meal. Nonetheless, the availability of Fe from different sources varies greatly (Deming and Czarnecki-Maulden, 1989 ). Similar to Zn, environmental concerns exist because of the high dietary Fe concentrations and variability in the Fe availability of feedstuffs.
The objectives of this research were to determine the effects of dietary Zn and Fe supplementation on mineral excretion, nutrient balance, and mineral status of nursery pigs. Experiment 1 compared an organic (Zn Met) vs. inorganic (Zn oxide) Zn form immediately (14 d) after weaning, whereas Exp. 2 evaluated increasing concentrations of supplemental dietary Fe as ferrous sulfate.
Materials and Methods

Animal Use and Care
These experiments were conducted at the Michigan State University Swine Teaching and Research Facility. Use of animals in these experiments was approved by the All-University Committee on Animal Use and Care (Exp. 1: 12/99-159-00; Exp. 2: 12/02-164-00).
Experiment 1
Animals and Treatments. Eight sets of three littermate barrows (Duroc × Landrace-Yorkshire) were weaned at 16 to 20 d and individually housed in metabolism pens during a 14-d feeding experiment. Pigs were allotted randomly, within litter, on the basis of initial BW (mean = 6.5 kg) to one of three dietary treatments in a randomized complete block design. There were eight pigs per treatment.
Dietary treatments (Table 1; as-fed basis) consisted of: 1) NC (negative control, no added Zn source); 2) ZnO (NC + 2,000 mg of Zn/kg of diet as Zn oxide); and 3) ZnM (NC + 2,000 mg of Zn/kg of diet as Zn Met). Complexity of the diets changed with phases (Phase 1 = d 0 to 7; Phase 2 = d 7 to 14) to meet or exceed NRC (1998) nutrient recommendations, excluding Zn, and to satisfy changes in digestive capabilities of the weanling pig. Experimental Zn concentrations were obtained by replacing an appropriate amount of corn, soybean meal, dicalcium phosphate, and limestone with the respective Zn source. Additionally, dietary ingredients were adjusted to maintain equal Lys, Ca, and P concentrations. The Zn oxide source used was a feed-grade source. To equalize the Met concentration in the diets, supplemental Met was decreased in the ZnM diet by the amount calculated to be present in the Zn Met source. Diets were fed in meal form.
Housing and Fecal, Urine, and Orts Collection. Pigs were housed in metabolism pens located in a temperature-controlled room. Initial room temperature was maintained at 29°C and decreased by 1°C weekly. Each metabolism pen was constructed of stainless steel, provided 0.81 m 2 of total space, and contained a stainless steel feeder and nipple waterer that allowed for access to feed and water throughout the experiment. Pigs were fed to appetite twice daily. Although water samples were not collected in this experiment, we have collected water samples for previous experiments and analyzed them for mineral concentrations, and they were minimal or undetectable. Additionally, each pen was designed to allow for the total but separate collection of urine, feces, and orts. Fecal material was collected daily during the 14-d experiment by removing a screen (1-mm openings) located directly beneath the entire floor space of the pen. Fecal samples were collected, placed in plastic bags, and stored at −20°C until analysis. Below the fecal collection screen was a stainless-steel pan that was angled toward a 10-mm hole on one end. A 3.8-L capacity polypropylene container was located at the end of the pan to collect all urine at the same time fecal samples were collected. Total urine volume was recorded daily, and a 50-mL subsample was retained in a polypropylene tube and stored at −20°C until analysis. Orts were collected daily at the same time as urine and fecal samples, oven-dried (Fisher Isotemp, Fisher Scientific, Hampton, NH), and used in the determination of ADFI.
Performance, Blood, Tissue, and Whole-Body Collection. Pigs were weighed and bled on d 0, 7, and 14. Pig weights were used to calculate ADG. Blood samples were drawn by jugular venipuncture into 10-mL heparinized (143 USP units of sodium heparin per tube) Vacutainer (Becton Dickinson, Franklin Lakes, NJ) tubes with 21-gauge, 3.81-cm needles and then centrifuged at 2,000 × g for 10 min at 4°C (GS-6KR; Beckman, Palo Alto, CA). Plasma was collected into polypropylene tubes and stored at −80°C until minerals were analyzed.
At the conclusion of the experiment, pigs (mean BW = 8.7 kg; 32 ± 2 d of age) were fasted for 8 h and then killed via cardiac injection of sodium pentobarbital (87 mg/kg of BW). Liver and kidney samples were excised and stored in Whirl-Pak bags (Nasco, Fort Atkinson, WI) at −80°C until mineral analysis. The remaining whole-body of each pig was processed as previously described by Rincker et al. (2004) . Additionally, six pigs from the original contemporary group (mean BW = 6.1 kg; 18 ± 2 d) were killed before the initiation of the balance study. Whole-body samples were collected in a similar manner to that previously described to establish baseline (BL) measurements of mineral concentrations.
Experiment 2
Animals and Treatments. Four sets of six littermate barrows (n = 24; Duroc × Landrace-Yorkshire), with an initial mean BW of 7.2 kg, were weaned at 19 to 21 d for this 35-d feeding experiment. Five barrows from each litter were allotted randomly, within litter, based on initial BW to one of five dietary treatments. To formulate a diet similar to those used in the commercial industry yet minimize Fe contributions by ingredients, we analyzed potential feedstuffs for minerals of interest (Table 2 ). To limit the Fe concentration in the basal diets, the base mineral mix used in this experiment contained minimal Fe (729 mg/kg, as-fed basis) compared with typical commercial base mineral mixes that contain 15,000 to 20,000 mg of Fe/kg. Dietary treatments were obtained by supplementing the basal diets (Table 3) Complexity of the diet changed by phase to meet or exceed NRC (1998) nutrient recommendations, excluding Fe. Phase 1 (d 0 to 7) and Phase 2 (d 7 to 21) diets were fed in pelleted form, whereas Phase 3 (d 21 to 35) diets were fed in meal form.
Housing and Fecal, Urine, and Orts Collection. Pigs were housed in the same metabolism pens used in Exp. 1. Pigs were fed their assigned diets and given a 4-d adjustment period followed by a 3-d collection period in which urine, feces, and orts were collected (Period 1 = d 5 to 7; Period 2 = d 12 to 14; Period 3 = d 26 to 28). During each dietary collection period, feces and urine samples were collected daily, processed, and stored as described in Exp. 1. Because Phase 1 and 2 diets were fed in pelleted form, a marker was not used to signify the beginning and end of the collection period. Table 3 ).
Instead, the collection period began at 0600 and a daily collection was 24 h in length. Before analysis, daily fecal samples collected in each dietary period (3 d) were combined, mixed, and a composite sample was obtained for each period. A composite urine sample for each pig was obtained by thawing and mixing the daily 50-mL subsamples for each period. A percentage of each daily subsample corresponding to that sample's percentage of the total urine output for that period was used to obtain the composite sample for each period.
Performance, Blood, and Tissue Collection. Pigs were weighed at the end of each dietary phase to calculate ADG. Additionally, pigs were bled on d 0, 7, 21, and 35 via jugular venipuncture as described in Exp. 1. An aliquot of whole blood was transferred into a polypropylene tube and stored on ice for hemoglobin (Hb) and hematocrit (Hct) determinations. The remaining whole blood was processed as described in Exp. 1 to collect plasma for mineral analyses.
Laboratory Analyses
In Exp. 1, daily fecal and urine samples were analyzed individually, whereas composite fecal and urine samples for each dietary period were analyzed in Exp. 2. Fecal samples were oven-dried and then ground in a Cyclotec mill (1093 Sample Mill, Foss, Eden Prairie, MN) equipped with a 1-mm screen. Urine samples were prepared for mineral analysis by centrifugation (500 × g at 4°C for 10 min), and the supernatant fraction was transferred to a clean polypropylene tube. Feed, fecal, urine, liver, kidney, and whole-body samples were analyzed for minerals (Ca, Cu, Fe, Mg, Mn, P, and Zn) by flame atomic absorption or colorimetric spectrophotometry as described previously (Rincker et al., 2004) . Analysis of plasma Cu, Fe, and Zn (PCu, PFe, and PZn, respectively), whole-body (protein), and blood (Hb and Hct) samples was performed as described previously (Rincker et al., 2004) . All analyses were performed in duplicate. Feed, fecal, and whole-body mineral concentrations are reported on a DM basis, whereas liver and kidney mineral concentrations are reported on a wet basis.
Statistical Analyses
Performance (ADG), tissue, and whole-body data were analyzed as a randomized complete block design using the MIXED procedures of SAS (SAS Inst., Inc., Cary, NC). The model included the effects of litter (replication), treatment, and litter × treatment (error), with litter considered a random effect. Pig was the experimental unit for analysis of data. Additionally, blood measurements and nutrient balance data were analyzed using the MIXED model methodology of SAS for analysis of repeated measure data. The subject for the repeated measures was individual pig nested within treatment, and d 0 Hb, Hct, PCu, PFe, and PZn were used as covariates for their respective individual analyses. Statistical analysis of Zn balance data was performed on log e -transformed least squares means. Thus, data presented are back-transformed means with error bars for corresponding 95% confidence intervals. In Exp. 1, two preplanned orthogonal comparisons were made: 1) NC vs. Zn (2,000 mg of Zn/kg of diet as ZnO or ZnM); and 2) ZnO vs. ZnM. In Exp. 2, the effects of increasing dietary concentrations of supplemental Fe were partitioned into linear and quadratic components using orthogonal polynomial contrasts. Due to unequally spaced dietary concentrations of supplemental Fe, coefficients were derived using the integrative ma- trix language (PROC IML) procedures of SAS. Differences were considered significant at an α level of P < 0.050 and highly significant at the level of P < 0.010.
Results and Discussion
Experiment 1
Growth performance response to pharmacological dietary Zn is variable. Feeding pharmacological Zn concentrations (1,500 to 3,000 mg of Zn/kg of diet) to nursery pigs has been shown to improve growth performance (Carlson et al., 1999; Hill et al., 2000 Hill et al., , 2001 ; however, other research (Tokach et al., 1992) has reported no benefits due to pharmacological Zn concentrations (3,000 mg of Zn/kg of diet as ZnO). In the present experiment, no differences were observed in ADG (178.6, 170.9, and 113.6 g for NC, ZnO, and ZnM, respectively).
Nursery pigs in an isolated and clean environment and fed diets containing carbadox did not respond to pharmacological Zn (Meyer et al., 2002) . Our pigs were individually housed in stainless steel metabolism pens, whereas Meyer et al. (2002) fed two pigs per pen. Pigs in Exp. 1 originated from a herd with a high health status, and scouring was not observed during the 14-d experiment. Reports suggest that pharmacological Zn improves growth performance via an improvement in gut morphology (Carlson et al., 1999 ) and a decrease in scouring (Poulsen, 1995) .
Pigs fed the NC diet had greater daily dietary DMI during Phases 1 (P = 0.041) and 2 (P = 0.044) and overall (P = 0.043) than pigs fed ZnO or ZnM diets (Table 4 ). The increase in dietary DMI by NC fed pigs may have prevented any observed growth differences; however, dietary Zn intake by pigs fed the NC diet during Phase 1 (38 mg of Zn/d) and 2 (10 mg of Zn/d) was less than the NRC (1998) recommendation for a 5-to 10-kg pig (50 mg of Zn/d). No clinical signs of Zn deficiency were observed. Other researchers (Hill et al., 1986; Wedekind et al., 1994) have reported adequate growth performance by nursery pigs when dietary Zn concentrations (24 to 33 mg of Zn/kg of diet) were less than the NRC (1998) recommendation.
Pigs fed pharmacological Zn concentrations as either ZnO or ZnM had greater (P < 0.001) daily Zn intake than pigs fed the NC diet throughout the 14-d experiment ( Figure 1A) . Consequently, these pigs had greater (P < 0.001) fecal Zn excretion than pigs fed the NC diet during Phase 2 ( Figure 1B ). After weaning, voluntary feed intake is generally insufficient to meet maintenance requirements (Bark et al., 1986) . Pluske et al. (1995) estimated that the energy requirement for maintenance was not met until d 5 after weaning when pigs were weaned at 21 d of age. Although dietary DMI during Phase 1 was comparable to values previously reported in group-housed pigs (Rincker et al., 2004) , the DMI, along with feeding a highly digestible diet, yielded a low fecal mass and subsequent fecal Zn during Phase 1 ( Figure 1B) . As pigs became more adapted to the environment (diet, pen, etc.), DMI increased, and subsequent fecal mass was increased during Phase 2.
Because dietary Zn intake of pigs fed the NC diet was less than the NRC (1998) recommendation, pigs fed that diet had negligible fecal Zn excretion throughout the 14-d experiment ( Figure 1B ). Retention rate of dietary Zn increases when the dietary concentration is below the body's requirement. Thus, the fecal Zn excretion of pigs fed the NC diet was assumed to be of endogenous origin. Endogenous fecal Zn excretion represents an inevitable and constant metabolic loss, as well as homeostatic mechanisms excreting Zn absorbed in excess of the body's requirements (Weigand and Kirchgessner, 1980) . These authors reported that fecal Zn excretion in rats fed diets containing 5.6 or 10.6 mg of Zn/kg of diet was completely of endogenous origin. The Zn present in most plant protein sources is poorly available because it forms an insoluble complex with phytate (Oberleas et al., 1962) .
The major route of Zn excretion in pigs is the feces. Feeding 2,000 mg of Zn/kg of diet as ZnO and ZnM resulted in 12.9-and 9.2-fold increases, respectively, in the overall quantity of fecal Zn excreted compared with pigs fed the NC diet (202.5 vs. 2,615.9 and 1,863.1 mg). The greatest increase in fecal Zn excretion occurred during Phase 2, when fecal Zn excretion increased 13-and 57-fold in pigs fed ZnO and ZnM diets, respectively, from d 7 to 14 ( Figure 1B) . Following a 10-d period of feeding pharmacological Zn diets, Case and Carlson (2002) reported a similar increase (15-fold) in fecal Zn excretion between pigs fed 3,000 vs. 250 mg of Zn/kg of diet as ZnO. Because they did not measure Zn balance during the loading phase (d 0 to 10), Zn balance was negative (−109.0 mg/d) for d 10 to 15. We determined daily Zn balance from weaning until 14 d after weaning. Pigs fed pharmacological ZnO or ZnM diets were in positive Zn balance throughout Phase 1 (d 0 to 7) and did not approach a negative Zn balance until d 13 to 14, when they became Zn loaded, and homeostatic mechanisms increased fecal Zn excretion. Meyer et al. (2002) reported that fecal Zn excretion increased (20-fold) and percentage Zn absorbed decreased as dietary Zn concentration increased (0 to 3,000 mg of Zn/kg of diet as ZnO); however, pigs were not in a negative Zn balance after 21 d.
During Phase 2, pigs fed diets containing 2,000 mg of Zn/kg of diet as ZnM had greater (P < 0.001) urinary Zn excretion than pigs fed ZnO or NC diets ( Figure  1C ). In lambs, Spears (1989) reported that urinary Zn excretion tended to be less with ZnM than with ZnO and suggested that the disparity in urinary Zn excretion between sources might represent differences in postabsorptive metabolism of Zn. It has been shown in piglets that 48 h after a Met load, the dose is fully catabolized and excreted as urinary S products (Hou et al., 2003) .
Although all diets in Exp. 1 were formulated to contain equal concentrations of Met, the organic Zn source has Zn bound to Met, which may result in a greater portion of absorbed Zn being metabolized and excreted via the renal system.
Pigs fed pharmacological ZnO diets had greater (P = 0.043) dietary Cu intake than pigs fed pharmacological ZnM diets (Table 5) . Because dietary Cu concentrations were similar, this was due to the slightly greater dietary DMI by pigs fed pharmacological ZnO vs. ZnM diets. Pigs fed pharmacological ZnO or ZnM diets had greater (P = 0.003) dietary Fe intake and fecal Fe excretion than pigs fed the NC diet (Table 5) . Pharmacological ZnO and ZnM diets had greater dietary Fe concentrations (Table 1) . Meyer et al. (2002) also reported an increase in fecal Fe excretion in pigs fed pharmacological ZnO (2,000 to 3,000 mg of Zn/kg of diet) for 21 d; however, they noted an increase in dietary Fe concentrations because of the Fe in the commercial Zn oxide source.
In pigs, the normal range for PZn concentration is 0.8 to 1.2 mg/L (Underwood and Suttle, 1999) . In Exp. 1, the initial (d 0) mean PZn concentration was 1.05 mg/L (Table 6 ). Pigs fed pharmacological ZnO or ZnM diets had a greater PZn concentration on d 7 (P = 0.018) and 14 (P = 0.001) than pigs fed the NC diet; however, no differences in PZn concentration were observed in pigs fed the two Zn sources at pharmacological concentrations. Other research has shown that pigs fed 2,000 mg of Zn/kg of diet as ZnM had greater PZn concentration on d 14 than pigs fed 2,000 mg of Zn/kg of diet as ZnO (Schell and Kornegay, 1996) . Hahn and Baker (1993) reported that ZnO had a lower uptake from the gut, resulting in a lower PZn concentration in contrast to other Zn sources in which Zn was bound to sulfate, Lys, or Met. Using a broken-line plot of PZn concentration as a function of supplemental ZnO intake, Hahn and Baker (1993) suggested that PZn concentration was Figure 1 . Effects of dietary Zn supplementation in Exp. 1 on nursery pigs: A) dietary Zn intake, mg/d (treatment; P < 0.001); B) fecal Zn excretion, mg/d (treatment × day; P = 0.003); and C) urinary Zn excretion, mg/d (treatment; P < 0.001). Statistical analysis of data (n = 8 per treatment; initial mean BW = 6.5 kg; initial age = 16 to 20 d) was performed on log e -transformed least squares means. Data presented are back-transformed means with error bars for corresponding 95% confidence intervals. Treatments were: NC (negative control, no added Zn source); ZnO (NC + 2,000 mg of Zn/kg of diet as Zn oxide); and ZnM (NC + 2,000 mg of Zn/kg of diet as Zn Met). Preplanned orthogonal comparisons were: 1) NC vs. Zn (ZnO plus ZnM); and 2) ZnO vs. ZnM. unresponsive when supplemental ZnO intake was less than 1,300 mg/d. Our data suggest otherwise; dietary Zn intake by pigs fed the NC, ZnO, and ZnM diets were 38.2, 296.6, and 190.9 mg/d during Phase 1, and 10.1, 528.4, and 440.6 mg/d during Phase 2, respectively. This result is similar to that of Wedekind et al. (1994) , who evaluated another inorganic Zn source, Zn-sulfate, at lower dietary concentrations (27 mg of Zn/kg of basal diet to 47 mg of added Zn/kg of basal diet) and observed a linear response in PZn concentration. Hill and Matrone (1970) reported that the trace minerals Cu, Fe, and Zn are transition metals, which have similar chemical and physical properties (i.e., similar electronic structure). Thus, an imbalance in one mineral can have an antagonistic effect on the concentration of another mineral. In rats, Murthy et al. (1974) reported that a negative correlation existed between PCu and PZn concentration; this is thought to occur via metallothionein, which has a greater affinity for Cu than for Zn (Hall et al., 1979) . In our study (Table  6 ), no differences in PCu and PFe concentrations were observed between experimental treatments, even though PZn concentration was increased in pigs fed pharmacological Zn compared with those fed the NC diet.
Pigs fed pharmacological ZnO or ZnM diets had greater liver Fe (P = 0.006) and Zn (P = 0.001) concentrations than pigs fed the NC diet (Table 7) . Although no differences (P = 0.633) in liver Zn concentration were observed between Zn sources in our experiment, Schell and Kornegay (1996) reported that pigs fed 2,000 mg of Zn/kg of diet as ZnM had greater liver Zn concentration than pigs fed 2,000 mg of Zn/kg of diet as ZnO. Excess Zn is known to induce a Cu deficiency, including anemia and decreased ceruloplasmin activity (Magee and Matrone, 1960) . Ceruloplasmin, a key Cu-containing enzyme, is required for binding of Fe to transferrin via its ferroxidase activity (Osaki and Johnson, 1969) . Consequently, an accumulation of Fe may occur due to a decrease in ceruloplasmin activity (Lee et al., 1968) ; however, no differences in liver Cu concentration were observed in this study. Pigs fed the NC diet did have a lower (P = 0.002) kidney Cu concentration and greater kidney Fe (P = 0.002) and Zn (P = 0.001) concentrations than pigs fed pharmacological ZnO or ZnM diets ( Table  7) . The greater kidney Zn concentration and lower urinary Zn excretion in pigs fed the NC diet suggest that these pigs tenaciously retained Zn in renal tissue by minimizing urinary Zn loss to compensate for low available Zn in the diet. Thus, renal Cu and Fe were altered because of the three-way interaction among Cu, Fe, and Zn, as previously reported by Hill et al. (1983) . These results also agree with those of Schell and Kornegay (1996) , who reported higher Fe and lower Cu concentration in kidney of pigs fed the control diet (105 mg of Zn/kg of diet) than in pigs fed 3,000 mg of Zn/kg of diet.
Information regarding the whole-body mineral composition of today's swine genetics, which is necessary for nutrient management plans, is limited. Whole-body Table 8 . Pigs fed pharmacological ZnO or ZnM diets had a greater (P = 0.001) whole-body Zn concentration than pigs fed the NC diet. No difference (P = 0.713) was observed between Zn sources. We previously reported that pigs fed pharmacological ZnO during Phases 1 (d 0 to 7) and 2 (d 7 to 21) and then adequate Zn (107.5 mg of Zn/kg of diet) during Phase 3 (d 21 to 35) had a mean whole-body Zn concentration of 72.3 mg/kg (Rincker et al., 2004) . In Exp. 1, wholebody Zn concentration of pigs fed the NC diet was 62.3 mg/kg (similar to the previous publication), whereas that of pigs fed pharmacological Zn for 14 d was increased 5-fold (346.3 mg/kg). Because pigs from both studies were of similar genetics fed in the same facilities, this suggests that when pharmacological Zn is removed from the diet, homeostatic mechanisms decrease the excess tissue Zn accumulated during earlier phases.
No differences were observed in the percentage of protein and whole-body Cu, Fe, Mg, Mn, Ca, and P concentrations between pigs fed pharmacological ZnO or ZnM diets and pigs fed the NC diet (Table 8) . However, pigs fed the ZnO diet had greater (P < 0.010) whole-body Mg and P concentrations than pigs fed the ZnM diet. The decreased whole-body Mg and P concentrations in pigs fed pharmacological ZnM may be attributed to a slightly lower dietary DMI. Mahan and Shields (1998) evaluated the macro-and micromineral concentrations of pigs at various intervals from birth to 145 kg of BW. They reported that macromineral concentrations generally reflected the metabolic need for soft and/ or hard tissue development, whereas trace elements, except for Fe and Zn, maintained a constant concentration from weaning to 145 kg of BW. Increases in the concentration of Fe and Zn paralleled increases in pig weights, reflecting tissue expansion and a corresponding increase in heme compounds and epidermal tissue, respectively. Wiseman et al. (2003) reported that pigs with greater lean gain potential had greater body concentrations of minerals (Zn, Cu, S, and K), particularly those associated with lean tissue deposition.
Experiment 2
The basal diets contained 189.00, 223.80, and 97.80 mg of Fe/kg of diet (as-fed basis) for Phase 1, 2, and 3, respectively (Table 3) ; however, basal diets were formulated to contain 50 to 60 mg of Fe/kg of diet. We suspect that the excess dietary Fe was in the ferric oxide form, which is a poorly absorbed form and ineffective in meeting the pigs Fe requirement (Ammerman and Miller, 1972) . We previously reported that pigs of similar genetics fed the same dietary treatments used in the current experiment had liver Fe concentrations ranging from 35 to 113 mg/kg (0 to 150 mg of supplemental Fe/ kg of diet), which suggests that the excess dietary Fe was not absorbed and stored in the primary Fe storage organ.
In Exp. 2, increasing concentrations of supplemental Fe did not affect ADG (0.36, 0.40, 0.42, 0.39, and 0.40 kg for 0, 25, 50, 100 , and 150 mg of supplemental Fe/ kg of diet, respectively). Amine et al. (1972) suggested that BW gain is not a sensitive indicator of Fe adequacy because a decrease in growth is one of the last signs of an iron disorder following the development of hypochromic-microcytic anemia. Studies by Dove and Haydon (1991) , Yu et al. (2000) , and Rincker et al. (2004) also reported no effect on growth performance due to decreased dietary Fe concentration.
The improvements in dietary DMI during Periods 2 (linear; P = 0.002) and 3 (quadratic; P = 0.025) were of sufficient magnitude that dietary DMI tended to increase (linear; P = 0.075) during the 35-d experiment (Table 9) . A similar response to treatments was observed in fecal DM excretion during Periods 2 (linear; P = 0.003) and 3 (quadratic; P = 0.055); however, no differences were observed in overall fecal DM excretion. Additionally, a decrease (linear; P < 0.05) in urine volume due to dietary treatments was noted in each period and for the overall experiment, but this response in urine volume may be confounded by some water wastage accumulating in the urine collection containers.
Increasing the dietary concentration of supplemental Fe resulted in a linear increase in (P = 0.001) dietary Fe intake and fecal Fe excretion (Table 10) . When expressed as a percentage of intake, however, there were no differences in the percentage of Fe retained between experimental treatments.
Increasing dietary Fe concentration resulted in a linear increase in dietary Zn (P = 0.003), Cu (P = 0.014), Mn (P = 0.010), P (P = 0.070), and Mg (P = 0.065) intake (Table 10) . Because diets were formulated to contain equal mineral concentrations, the increases in dietary mineral intake resulted from an increase in dietary DMI. Pigs had increased fecal Zn (linear; P = 0.020) excretion and decreased urinary Zn (quadratic; P = 0.010), Mn (linear; P = 0.007), Ca (linear; P = 0.031), and Mg (linear; P = 0.015) excretion in response to increasing dietary Fe. The decreases in urinary mineral excretion are the result of a decrease in overall urine volume for the 35-d experiment. The increases in dietary mineral intake combined with the decreases in urinary mineral excretion resulted in a linear increase in Cu (P = 0.013), Mn (P = 0.021), Ca (P = 0.034), P (P = 0.024), and Mg (P = 0.014) retained. No differences were observed among dietary treatments, however, in the percentage of Cu, Fe, Mn, Zn, Ca, and P retained in Exp. 2.
Hemoglobin and Hct are commonly used to assess Fe status because of their ease of measurement. These indicators of Fe status decrease after the depletion of liver, kidney, and spleen Fe stores. There were no differences in blood measurements at the start of Exp. 2 (Table 11) . Following completion of Phase 2 (d 21), increasing dietary Fe concentration resulted in a linear increase (P = 0.001) in Hb concentration and Hct percent that was maintained until the study ended (d 35). A whole blood Hb concentration of 100 g/L is considered adequate, whereas 80 g/L suggests borderline anemia, and 70 g/L or less indicates anemia (Zimmerman, 1980) . During the 35-d experiment, mean Hb concentration of all experimental treatment groups remained above the adequate concentration. A linear increase in PFe concentration was observed in response to experimental diets on d 7 (P = 0.034), 21 (P = 0.054), and 35 (P = 0.011). Results for blood measurements in Exp. 2 are consistent with previous results from our laboratory using a larger number of pigs (Rincker et al., 2004) .
As previously mentioned, an interrelationship exists between Cu, Fe, and Zn because of their similar chemical and physical properties (Hill and Matrone, 1970) . On d 35, a linear increase (P = 0.045) in PZn concentration was observed in response to the increase in dietary Fe concentration (Table 11) . Even though PZn concentration was affected by dietary treatments, plasma mineral concentrations were within normal ranges (PZn = 0.8 to 1.2 mg/L; PCu = 1.0 to 1.3 mg/L) reported by Underwood and Suttle (1999) .
In conclusion, feeding pharmacological concentrations of Zn to nursery pigs increased Zn stores, but fecal Zn excretion was increased only after 9 to 10 d of supplementation. Results indicate that nursery pigs load Zn in tissues for approximately 9 to 10 d, and then excrete large quantities of Zn, resulting in a negative Zn balance after d 13 to 14. In Exp. 2, indicators of hematological status were increased due to supplemental Fe. Additionally, increasing the dietary Fe concentration increased dietary mineral intake via an increase in dietary DMI. Subsequently, fecal Fe and Zn excretion were increased. The current experiments provide useful data to swine producers regarding whole-body mineral composition, as well as fecal and urinary mineral excretion values for current genetics.
Implications
Manure management in intensive production units will continue to challenge the swine industry. Consequently, there is a need to continue to evaluate nutritional strategies that maximize animal performance, while minimizing environmental concerns. Feeding pharmacological concentrations of zinc to nursery pigs for 9 to 10 d has the potential to maintain rapid growth performance without large amounts of fecal zinc being excreted. When pharmacological concentrations of zinc are fed for a longer duration, tissues become loaded and homeostatic mechanisms excrete excess zinc. Homeostatic mechanisms also regulate the tissue loading of other minerals, such that when diets contain more than is required by the body, excess mineral quantities are excreted. 
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